Renal medullary electrolyte and urea gradient in chickens and turkeys. Am. J. Physiol. 2 I 2 (6) : I 3 I 3-13 I 8. I g67.-Roosters were exposed to dehydration, and to water and salt loading. Samples of kidney tissue from cortex and from medullary cones were obtained by microdissection of the frozen kidney. The concentration of Nat, Cl-, and K+ ions and urea-14C and the osmolality were determined.
A cortex-medullary cone gradient was found for Na+ and Cl-. The increased concentration of ions accounted generally for the increase in osmolality in the medullary cone; urea contributed less than 0.57~. In a few experiments in turkeys, an intramedullary gradient for NaCl was found. The experiments confirm the presence of a countercurrent multiplier system in the kidney of the bird. It was found that the variability of the amount of filtered urea which is excreted in the urine is much larger than in mammals, ranging from I-I oo yO (from dehydration to hydration). bird kidney; medullary cones; renal countercurrent system; sodium gradient; urea excretion A MONG THE VERTEBRATES only mammals and birds can form a urine hyperosmotic to plasma. It is generally accepted that this is due to the countercurrent system of the loops of Henle and the capillaries in the medullary parts of the kidney, which is found in birds and mammals only. The countercurrent system creates a higher osmotic concentration in the renal medulla than in the blood, and it allows urine to be concentrated in the collecting ducts at a higher osmolality than plasma by passive water resorption.
The osmotic composition of the renal papilla has been studied extensively in mammals, and it has been found that sodium, chloride, and urea, primarily are responsible for the hypertonicity of the medulla. Urea may account for up to 50 % of the total osmolality (14, I 5, 23) . In birds, the predominant end product of nitrogen metabolism is not urea, but uric acid, which is excreted largely by tubular secretion (IS>, and which is present in the urine in a supersaturated colloid suspension, thus not contributing to the osmotic pressure. Only approximately IO % of the nitrogen is excreted as urea (5, IO).
In the bird kidney, the medulla is much less developed than in the mammalian kidney, but there seems to be a good anatomical basis for a countercurrent system, since loops of Henle and vasa recta dip into the medullary cones, through which the collecting ducts pass (7, I 2, 2 I, 22).
The present study was undertaken to determine if the osmolality of the medullary cones exceeds that of the blood and the kidney cortex, and if so, which solutes are primarily responsible. The role played by Na+, Cl-, and K+ ions, and by urea, was investigated in domestic roosters and turkeys, which were subjected to dehydration, and to water and salt loading.
In addition, the urinary excretion of urea was studied under various osmotic conditions. It was found that sodium and chloride ions are concentrated in the medullary cones, and that these ions account for the major fraction of the hypertonicity; whereas urea, due to the low absolute concentration, plays virtually no role in the formation of the medullary osmotic gradient. A preliminary report of the findings has been given (I 7).
METHODS

Animals and Experimental Procedure
Roosters (I .5-3.0 kg) and male turkeys (6-8 kg) were used. They were fed Purina Layena chicken food.
Osmotic loading. Three types of osmotic stress were employed: I) Dehydration for 36 hr with free access to food. This resulted in a weight loss of 5-7 % and an increase in plasma osmolality of approximately mg, was obtained, this tissue was placed in a weighed Beckman/Spinco microtube with 35 ~1 water. The turkeys were used because the larger size of their medullary cones made it possible to divide the cones in three fractions in order to determine the intramedullary gradient. The Beckman tubes were kept frozen in the cryostate. The frozen tubes were transferred quickly to boiling water in which they were kept for at least 5 min, then dried on the outside and weighed, with the tissue, to an accuracy of 0.02 mg. They were allowed to stand for 24 hr in the refrigerator, then mixed and centrifuged, and aliquots of the supernatant taken for the various analyses. Samples were counted twice to approximately 10~ counts. The plasma urea was also determined chemically by the Conway microdiffusion method (4). In some experiments urine urea was also determined chemically, and good agreement between the physically and chemically obtained U/P ratios were observed. Inulin in plasma and urine was analyzed by the anthrone method (8). Most of the analyses were performed in duplicate. Usually five to eight different cortex and medullary cone samples were obtained from each bird. Standard deviations of 3-12 % were observed (Table I) .
Calculations. The tissue concentrations were calculated as the concentrations in tissue water. The water content was found by drying samples of renal tissue to a constant weight. It varied from 72 to 78 %, and 75 % was used for all calculations.
The tissue osmolalities were likewise determined on the boiled samples. The dilution factor was around 2-3. This dilution would not cause a detectable change of the osmotic coefficient of the electrolytes 0 I .
Control Experiments
No significant evaporation or condensation of water took place during the dissection, since the same water content was observed whether a piece of renal tissue was removed from the cryostat immediately after the dissection, or left for an hour (this was the maximum time for the dissection of one medullary sample) (samples removed immediately:
73.7 & I. I % water, samples removed after I hr : 74. I & I .5 % water).
In order to test the reliability of the tissue osmolality determinations in frozen tissue, the osmolality of both frozen and fresh samples of the same kidney was determined, but no difference was found (fresh cortex: 394 =t I 4 milliosmols/kg H20, frozen cortex: 402 rt g milliosmols/kg H20). The same Na+, Cl-, and K+ concentrations were found. In another experiment liver was treated exactly as the frozen kidney samples, and the osmolality. was found identical to the plasma osmolality.
RESULTS
The frozen kidney surface is shown in Fig. I . The medullary cones were found exactly as described by Sperber (Fig. I B, in ref. 22 ), radiating out from the ureter. Cortical lobules were seen between the bases of the cones and the surface of the kidney, and between the cones. They were exactly as described by Spanner (Fig. 3 I in ref. 20) . The central vein was found in the center of the lobule, which was surrounded by interlobular veins. In the bird the medullary cones are, in contrast to the mammalian renal medulla (24), not surrounded by urine. Cortex medullary cone gradients in rooster kidneys. An increase in Na+ and Cl-concentrations from cortex to medulla was observed during dehydration and during salt loading (Table   I) (Table 2) , and it will be seen that the average increase in osmotic concentration from (Tables I and 2 ).
The cortical concentrations for Na+, Cl-, and, K+ ions compare well with those reported for mammalian kidneys (3, 6). The cortical osmolality was higher than that of plasma, but this has also been found by analysis of the mammalian cortex (3). Urea was found to be slightly more concentrated in the cortical tissue than in plasma during all three types of osmotic stress (Table 3) , and it was concentrated to about the same degree in the medulla.
Thus, there was no significant difference between cortex and medulla concentration during dehydration and salt loading. Since the plasma concentration was found never to exceed 1.4 mu, it is apparent that the urea contributes less than 0.5 % to the medullary osmolality. During all three types of osmotic stress the cortical and medullary urea concentrations were markedly lower than that of urine (Table  3) . During hydration the urine urea concentration was high, and the medullary concentration appeared to be increased too.
Turkey experiments. It proved to be more difficult to visualize the medullary cones in turkeys, since the lissamine green often stayed longer in the cortex giving a poor separation between the cortical and medullary parts. A successful experiment in each of the osmotic states is presented in Table 4 , and in Fig. 2 . In these experiments an intramedullary gradient both for elec- trolytes and osmolality towards the tip of the medulla was observed. The maximal cortical-medullary difference for Na+ was 30 mEq/liter, and for Cl-it was 41 mEq/ liter. In the dehydration and hydration experiment urea was analyzed, and it will be seen ( Fig. 2) that the medullary osmolality accounted for by urea is very small. The difference in osmolality between cortex and medulla observed in the dehydrated birds can be accounted for by the difference in Na+ and Cl-concentrations.
In the hydration experiment the medullary electrolyte concentrations were (unlike the rooster experiments) higher than the concentration in the cortex, but an intramedullary gradient was not present.
The urea and inulin U/P ratios were determined on the same samples. This permitted the calculation of the fraction of filtered urea excreted (identical to the urea U/P-inulin U/P ratio), which indicated the amount of filtered urea that appeared in the urine. The results are recorded in Fig. 3 . It appeared that during dehydration, when approximately gg % of the filtered water was resorbed (inulin U/P ratio approximately 100) a similar amount of filtered urea was resorbed (urea/inulin clearance = 0.01), i.e., only I % of the filtered urea was excreted. During hydration, almost all filtered urea was excreted in the urine (urea/inulin clearance = 1.0). In this type of hydration a very large percentage of filtered water was excreted, i.e., approximately one-third (inulin U/P ratio = 3) .
DISCUSSION
In these experiments, an ionic and osmotic concentration difference between cortex and medulla, and a concentration gradient within the medulla, was found in the kidney of birds. This gives support to the hypothesis that a countercurrent multiplier system is actually necessary for the formation of the hyperosmotic urine in the bird. The gradient found in the dehydrated and the saltloaded roosters was small but it must be taken into consideration that the observed values are minimum values, since some hyperosmotic areas might be included in the cortical samples, and because the average concentration of a medullary cone sample will largely be determined by the low concentration of its base. Furthermore, the experimental conditions (anesthesia) prevented the formation of a urine as concentrated as in the undisturbed animal.
The authors are aware of the fact that the determination of tissue osmolality by the boiling method after freezing (I, 3) presumably leads to some breakdown of tissue, which results in a larger osmotic concentration than is present in intact tissue (3, 9). The quick boiling of fresh tissue results in a cortex osmolality identical to that of plasma (I, 2). The values found here are considered fairly reliable, since our cortex osmolality was not much higher than that found in frozen mammalian cortex (3). In a control experiment, we found the same value whether the kidney was frozen or not.
It is apparent that the increased NaCl concentration of the medulla accounted for the main part of the increase in osmolality.
The potassium concentration, as in mammals, was not significantly higher in the medulla than in the cortex. The urea concentration, in contrast to the mammalian kidneys, however, does not play any significant role in the osmotic concentration of the medulla. The excretion of urea by the avian kidney is in marked contrast to the mammalian excretory pattern. First, the fraction of filtered urea which was excreted varied much more than has been reported for mammals. During water diuresis all of the filtered urea was excreted in the urine, whereas during dehydration only I % of the filtered load was excreted. In mammals on normal diets, the fraction of filtered urea excreted varies only from 60 % in water diuresis to some 30-4-0 % in antidiuresis (I 9). Second, relative to the sodium accumulation in the renal medulla, the accumulation of urea is much smaller in the bird than in the mammal.
Thus, in the medullary cones of the chicken kidney, the urea concentration was about the same as in the cortex, whereas the sodium concentration was consis tently I O-I 3 % higher than in the cortex. In the turkey kidneys, urea accumulated slightly more than sodium. The tip of the medullary cones showed a 30-60 % higher urea concentration than the cortex, whereas the sodium concentration was about 20 % higher than that of the cortex. In contrast, urea accumulates to a much higher degree than sodium in the outer as well as the inner zone of the mammalian renal medulla. Thus, in the rat, dog, and sheep (on normal diets), the urea concentration in the outer zone may be IO times that of the cortex, while the sodium concentrati .on is only twice
